Deep second-degree burns are characterized by delayed formation of granulation tissue and impaired angiogenesis. Erythropoietin (EPO) is able to stimulate angiogenesis and mitosis, activating vascularization and cell cycle. The aim of our study was to investigate whether two biosimilar recombinant human erythropoietins, EPO-and EPO-Ζ, may promote these processes in an experimental model of burn injury. A total of 84 mice were used and a scald burn was produced on the back after shaving, in 80 ∘ C water for 10 seconds. Mice were then randomized to receive EPO-(400 units/kg/day/sc) or EPO-Ζ (400 units/kg/day/sc) or their vehicle (100 L/day/sc 0.9% NaCl solution). After 12 days, both EPO-and EPO-Ζ increased VEGF protein expression. EPOcaused an increased cyclin D1/CDK6 and cyclin E/CDK2 expression compared with vehicle and EPO-Z ( < 0.001). Our study showed that EPO-and EPO-Ζ accelerated wound closure and angiogenesis; however EPO-resulted more effectively in achieving complete skin regeneration. Our data suggest that EPO-and EPO-Ζ are not biosimilars for the wound healing effects. The higher efficacy of EPO-might be likely due to its different conformational structure leading to a more efficient cell proliferation and skin remodelling.
Introduction
Erythropoietin (EPO) is a renal glycoprotein hormone that regulates red blood cell production by inhibiting apoptosis of erythroid precursor cells, but it is also involved in the mechanisms of proliferation and differentiation in hematopoietic tissues [1, 2] . EPO acts through its specific cytokine receptor, the erythropoietin receptor (EPOR), allocated on cell surface [3, 4] of many different haematopoietic and nonhaematopoietic tissues and cells [5] . EPOR has been identified on neurons, astrocytes, microglia, endothelial cells, macrophages, fibroblasts, keratinocytes, mast cells, melanocytes, liver, and uterus. When activated, the receptor promotes the Janus Kinase (JAK)/Signal Transducer and Activator of Transcription (STAT) pathway, stimulating mitosis and differentiation in all these cell lines [6, 7] .
Several studies have suggested that EPO may be involved in the regulation of physiological wound healing process. It has been demonstrated that locally erythropoietin administration into subcutaneous fibrin chambers was able to promote the formation of wound granulation tissue in a rat model of wound healing [8] . This effect was ascribed to the stimulation of physiological angiogenesis and upregulation of iNOS expression in skin.
Furthermore, additional studies have shown that EPO may interact with vascular endothelial cells and vascular endothelial growth factor (VEGF), involved in the angiogenic process, thus stimulating cellular motility and mitosis in endothelium and leading to the formation of new capillaries [9, 10] . These experimental evidences prompted the use of EPO in improving impaired wound healing; as a matter of fact our group already demonstrated the efficacy of recombinant EPO in ameliorating skin repair during diabetes and burn injury [11, 12] .
Recombinant human erythropoietin (rHuEPO) has been largely used in the clinical setting and new formulations have been synthesized, such as Epoetin alpha (EPO-) and Epoetin Z (EPO-Z) [13] [14] [15] . EPO-was the first generation recombinant erythropoietin with the same amino acid sequence as human erythropoietin and it exerts the maximum therapeutic effect when administered subcutaneously [16] . EPO-Z is a new generation biosimilar with the same amino acid sequence of EPO-and overlapping carbohydrate composition; it may be used as an alternative choice for the treatment of patients with end-stage renal diseases and anemia. EPO-Z was developed and registered in agreement with the European Medicines Agency (EMEA) guidelines. The regulatory approval of EPO-Z is based both on extensive physicochemical/molecular, preclinical, and clinical characterization studies and on a comprehensive postmarketing surveillance program, as required for all European "biosimilars. "
However, biosimilars may have some differences in the materials used for their preparation and may show variability in manufacturing processes, and, in addition, the active form may differ with regard to the size and the complexity of the structure [17] . The biotechnological techniques used for the preparation of the compounds make the molecules more heterogeneous, and this is the result of changes in structure such as glycosylation and/or alterations in amino acid sequence. These variations are often responsible for immune effects [18] [19] [20] .
Since the new EPO-Z has never been tested for its skin repair effects, the purpose of our study was to investigate whether EPO-and EPO-Z may display overlapping specific action in an experimental model of burn injury.
Materials and Methods

Animals and Experimental Burn Model.
The protocol was evaluated and accepted by the Ethics Committee of the University of Messina and all animal procedures were carried out according to Guide for the Care and Use of Laboratory Animals. A total of 84 male C57BL/6 mice weighing 20-22 g were used in this study and were purchased by Charles River Italy (Calco, Italy). Animals were housed and maintained under controlled environmental conditions (12 h light/dark cycle, temperature approximately 23 ∘ C) and provided with standard laboratory food and water ad libitum. Skin injury was performed on the shaved back of mice: after general anaesthesia with sodium pentobarbital (80 mg/kg/i.p.), hair on the back was shaved using a depilatory cream to reduce any possible injury due to hair removal. Burn injury was produced with 80 ∘ C water, and mice were immersed for 10 seconds with a burn template so that the dorsum was exposed to hot water through a 2 × 3 cm window. In this way, we produced a deep-dermal second-degree burn; postburn sedation and analgesia were provided with diazepam (50 mg/L added to drinking water) for 7 days to alleviate pain. Following thermal injury, animals were divided into 3 groups and randomized to receive EPO-(400 I.U./kg/day in 100 L 0.9% NaCl subcutaneously), EPO-Z (400 I.U./kg/day in 100 L 0.9% NaCl subcutaneously), or vehicle (100 L/day 0.9% NaCl subcutaneously). The dose chosen in this study has been previously shown effective for EPO-in previous studies for the treatment of wound healing [11, 12] . Neither lower dose regimens nor different schedule treatments showed beneficial effects in preliminary experiments (results not shown). At 3, 6, and 12 days 7 animals per group were sacrificed and the remaining 7 animals from each group were observed and treated to assess the time to final wound closure. At the time of sacrifice blood was collected by cardiac puncture, and burn areas were excised and used for histological and molecular analysis.
Erythrocyte Count and Haemoglobin
Level. Number of erythrocytes and haemoglobin (Hb) level were evaluated from blood samples at 12 days after burn injury. Red blood cell count was carried out on stained smears according to the standard morphologic criteria for mouse [11, 12] .
Western Blot Determination of VEGF, Cyclin D1, CDK6
, Cyclin E, CDK2, p15, and p27. Skin samples were homogenized in lysis buffer (1% Triton X100, 20 mM Tris/HCl, pH 8.0, 137 mM NaCl, 10% glycerol, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1% aprotinin, and 15 g/mL leupeptin). Protein samples (30 g ) were denatured in a reducing buffer (62 mmol/L Tris pH 6.8, 10% glycerol, 2% SDS, 5% -mercaptoethanol, and 0.003% bromophenol blue) and separated by electrophoresis on a sodium dodecyl sulphate (SDS) polyacrylamide gel (10% or 12%). The separated proteins were transferred onto a PVDF membrane using a transfer buffer (39 mmol/L glycine, 48 mmol/L Tris, and pH 8.3, 20% methanol) at 100 V for 1 hour. The membranes were stained with Ponceau S (0.005% in 1% acetic acid) to confirm blotting, blocked with 5% nonfat dry milk in TBS-0.1% Tween for 1 hour at room temperature, washed 3 times for 10 minutes each in TBS-0.1% Tween, and then incubated with a primary antibody for cyclin D1, CDK6, cyclin E, CDK2, p15, or p27 (Cell Signaling, Beverly, MA) and VEGF (Abcam, Cambridge, UK) in TBS-0.1% Tween overnight at 4 ∘ C. The day after, antibody was removed by washing the membranes 3 times for 10 minutes each in TBS-0.1% Tween. Membranes were incubated with a secondary antibody peroxidase-conjugated (Pierce, Rockford, IL) for 1 hour at room temperature. After washing, the membranes were analyzed by the enhanced chemiluminescence system according to the manufacturer's protocol (Amersham, Little Chalfont, UK). The VEGF, cyclin D1, CDK6, cyclin E, CDK2, p15, and p27 protein signals were quantified by scanning densitometry using a bioimage analysis system (Bio-Profil Celbio, Milan, Italy). Equal loading of protein was assessed on stripped blots by -actin staining with a rabbit monoclonal antibody (Cell Signaling, Beverly, MA). 
Histologic Evaluation.
Skin samples were removed from the animals of each experimental group and fixed in 10% buffered formalin at room temperature for at least 24 hours. Perpendicular sections to the anterior-posterior axis of the burn area were dehydrated in graded ethanol, cleared in xylene, and embedded in paraffin according to routine procedures. Five-micrometer-thick sections of paraffinembedded tissues were mounted on glass slides, hydrated to distilled water, and then stained with hematoxylin and eosin. In particular, histological slides were examined at ×10 to ×20 magnification to observe morphologic alterations or improvements (i.e., presence or absence of reepithelialization, crusting, blistering, granulation tissue and collagen matrix organization, inflammation, congestion, and edema), as previously reported [11, 12] . Evaluations were obtained from a pathologist without knowledge of the treatments.
Immunohistochemistry for CD31.
Paraffin-embedded tissues were sectioned (5 m) and rehydrated, and antigen unmasking was performed by using 0.05 M sodium citrate buffer (pH 6.0). Specimens were treated with 3% hydrogen peroxide to block endogenous peroxides and with horse normal serum (Vector Laboratories, Burlingame, CA, USA) to avoid nonspecific staining. Slides were then incubated overnight at 4 ∘ C in a humid box with primary antibody to detect CD31 (Abcam, Cambridge, UK). The day after, sections were washed with PBS, a secondary antibody was used (Vector Laboratories), and the reaction was revealed adding a DAB solution (diaminobenzidine tetrahydrochloride, Sigma, Milan, Italy) for 1-3 minutes. Slides were counterstained with haematoxylin, dehydrated, mounted, and examined by a pathologist without knowledge of the treatments, by using masked slides from ×10 to ×40 magnification with a Leica (Leica Microsystems, Milan, Italy) microscope.
Statistical Analysis.
All data are expressed as means ± S.D. Comparisons between different treatments were analysed by one-way ANOVA followed by Bonferroni's multiplecomparison test. The histological score analysis was carried out by two-way ANOVA followed by Bonferroni's multiplecomparison test. The possibility of error was set at < 0.05 and it was considered statistically significant. Graphs were drawn using GraphPad Prism (version 5.0 for Windows).
Results and Discussion
Erythrocyte Count and Blood Hb.
Since EPO is effective in stimulating the erythroid lineage, we evaluated the number of red cells and Hb in our experimental groups, to confirm that EPO-and EPO-Z may promote the production of erythrocytes and haemoglobin. We have already observed in our previous studies that rHuEPO stimulates erythroid lineage [11, 12] . As expected, the administration of EPO-and EPO-Z increased both the number of circulating erythrocytes and Hb at day 12 (data not shown). No difference was observed between the two compounds. Our results confirm that these two molecules equally stimulate erythroid lineage, as reported in clinical studies, and act as biosimilars [15] .
Skin Repair.
Wound healing is characterized not only by the stimulation of angiogenesis, but also by the formation and remodelling of matrix components and, in this setting, macrophages are responsible for the production of growth factors. Since EPOR is located on the surface of these cells, EPO may stimulate macrophages, and this mechanism of action explains the role of erythropoietin in the skin repair process [21] .
Additionally, an in vitro study, evaluating the effects of EPO and EPO receptors in human hair follicles (HFs) [22] , showed that also hair follicle cells synthesize EPO protein in situ and express EPO receptor. These structures are wellknown not only for producing hair but also for their important contribution to tissue repair through reepithelialization, and both investigators and clinicians have noted for years that hair-bearing areas tend to heal more quickly than areas lacking follicles [23, 24] . Langton et al. [25] demonstrated that acute wound healing is delayed in absence of HFs. HFsderived keratinocytes are responsible for reepithelization during wound healing [26] , while HF dermal sheath cells are a key source of fibroblasts in response to wounding and have a role in replacing skin dermis [27] .
In our study, at day 3, control group as well as groups treated with EPO-and EPO-Z showed extensive skin defects, necrosis and inflammatory cells in the subcutaneous layer, and absence of hair follicles and skin glands. At day 6, the control group showed the persistence of the crust and of necrotic and inflammatory areas. The treatment with EPO-promoted the reduction of the inflammatory infiltrate and determined partial restoration of the dermal structure with the presence of hair follicles and sweat glands; instead EPO-Z treated skin showed only the presence of a partial regeneration behind the crust, with some areas of necrosis and inflammatory cells infiltration (Figure 1) .
At the end of experimental period (day 12), skin of control animals showed necrosis surrounded by a contraction of the panniculus carnosus as well as disorganized dermal-epidermal layers. We observed that animals treated with EPO-demonstrated a well regenerated tissue with a keratin layer and reorganized subdermal structures. Animals treated with EPO-Z showed a still incomplete healing process compared with the EPO-treated group (Figure 2) . Therefore, the use of EPO-caused reduced inflammation, restored dermal layers, and accelerated complete healing with a "restitutio ad integrum" of skin structures, such as hair follicles. By contrast, EPO-Z did not determine a complete healing compared with EPO-: tissue structures were organized, inflammation was reduced, and matrix components were visible but incompletely formed.
Angiogenesis: Expression of VEGF.
A deep second-degree burn is characterized by the disruption and alteration of the whole epidermis; furthermore, the burned area shows a nonregenerating, mesenchyma-mediated wound healing, with delayed formation of granulation tissue, decreased deposition of collagen, and impaired angiogenesis. EPO can protect epidermis, dermis, and its vital structures, in particular capillaries and blood vessels, from further damage following burn injury [28] . In fact, it has been demonstrated that erythropoietin may also act on nonhaematopoietic tissues via the EPOR, stimulating tissue healing, particularly following injury [29, 30] .
The angiogenic process is the result of the interaction of several factors and VEGF has a pivotal role in orchestrating wound healing, promoting endothelial cell proliferation from the very first moments. In a previous study we demonstrated that the synergism between VEGF and EPO promotes the angiogenic process, confirming the role of rHuEPO as a growth factor in an experimental model of wound healing [11] .
In the present experiment we compared EPO-and EPO-Z in the stimulation of angiogenesis. Physiologically, the healing of burn wounds causes an increase in VEGF compared to normal conditions. For this reason, we studied VEGF expression in wounds at days 3, 6, and 12 after treatment. As shown in Figure 3 , EPO-and of EPO-Z stimulated VEGF expression at all time points, and EPO-Z stimulation was significant at days 3 and 12. The reason for this apparent discrepancy could be due to the fact that VEGF is not the only and one factor involved in new vessel formation, and indeed during impaired wound healing conditions the receptor of VEGF (VEGF-R2) and other growth mediators are downregulated. As a matter of fact, despite a lower increase in VEGF (as compared to EPO-Z), EPO-caused a faster and more organized skin healing underlying that VEGF increase alone is not sufficient.
To prove the efficacy of angiogenesis stimulation, besides VEGF synthesis, we investigated the newly formed capillaries through CD31 immunostaining which was investigated in skin samples at days 6 and 12. At day 6 no CD31 staining was observed in skin tissue (data not shown). As demonstrated in Figure 4 , at day 12 untreated animals presented a positive staining (Figure 4(a) ) and the administration of EPOfurther increased the staining in small capillaries, indicating a sustained angiogenesis (Figure 4(b) ). EPO-Z did not improve neovascularisation at day 12, confirming the delayed healing observed with H&E staining (Figure 4(c) ).
Regulation of Cell Cycle
Machinery. The processes of (i) angiogenesis, (ii) matrix remodelling, and (iii) wound healing are promoted by activation of cell cycle and cell proliferation executed in a timely and orderly manner. The phases of cell cycle in mammalian cells are controlled by different types of cyclins. Cyclins, cyclins-dependent kinases (CDKs), and negative regulators, such as cyclin-dependent kinase inhibitors belonging to the p16 and p21 family, work together to regulate cell cycle progression. Cyclin D1 and cyclin E are fundamental in the activation of the G1 phase. Cyclin D1 and cyclin E increase is followed by a concomitant upregulation of CDK6 and CDK2 activity. Both complexes trigger progression of the G1 phase and entry into the S phase. Cell cycle negative regulators are divided into 2 families, the p21 family (p21, p27, and p57) and the p16 family (p15, p16, p18, and p19). Any alteration in the complex equilibrium between cyclin/CDK complexes and their negative regulators could be responsible for an impaired cell growth and, in turn, for a delayed tissue repair [31, 32] . It has been demonstrated that EPO gene expression is related to the upregulation of cyclins/CDK and the administration of EPO may promote DNA synthesis, as well as cell proliferation, and upregulates the expression of cyclins [33] . In agreement with this finding, it has also been shown that improvement of neovascularisation induced by EPO may be attributed to a direct effect mediated not only by VEGF, but also by endothelial cell proliferation [34] .
In our experiment we tested not only EPO-and EPO-Z for the same efficacy in promoting wound healing in experimental burn wounds but also whether these effects were dependent upon the activation of cyclins and cyclindependent kinases (CDKs). The cell cycle positive regulators were evaluated at days 3, 6, and 12 following burn injury. The burn wounds of mice treated with vehicle showed a moderate expression of cyclin D1 and CDK6 at days 3, 6, and 12 ( Figures 3(b) and 3(c) ). The administration of EPO-significantly upregulated the expression of cyclin D1 at days 6 and 12 ( < 0.001) compared to the treatment with vehicle and EPO-Z (Figure 3 ; < 0.001).
CDK6, the kinase responsible for the activation of cyclin D, showed a trend similar to its cyclin in wounds treated with vehicle (Figures 3(b) and 3(c) ). The administration of EPOdetermined a significant increase in the expression of CDK6 at days 6 and 12 ( < 0.001). EPO-Z did not cause significant differences in the expression of CDK6.
The expression of cyclin E in skin of mice treated with vehicle increased only at day 6. The treatment with EPOsignificantly enhanced the expression of cyclin E at all time points; the administration of EPO-Z increased cyclin E expression only at day 12 ( Figure 5(a) ). CDK2 expression did not show any significant upregulation following the treatment with both EPO-and EPO-Z compared to the animals treated only with vehicle ( Figure 5(b) ).
Interestingly, we observed an opposite situation for the expression of p15 protein: in fact, in this case, the treatment with EPO-Z reduced only the expression of the inhibitor p15 in a significant manner and at all time points, while EPO-Z did not modify the expression of the cyclins ( Figure 5(c) ). However, the only reduction in the expression of the inhibitor p15 is not sufficient to activate the cell cycle and accelerate the wound healing process following burn injury.
On the other hand, the treatment with EPO-did not modify the expression of this inhibitor in a significant way.
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The expression of p27 was increased at days 6 and 12 in burn mice treated with vehicle and EPO-and only at day 3 in mice treated with EPO-Z ( Figure 5(d) ).
Under normal conditions, the progression of granulation tissue and cell proliferation are controlled by cyclin D 1 /CDK6 and cyclin E/CDK2 complexes. Our data demonstrate that EPO-increased more efficiently the expression of cyclins. In this way, cell cycle is certainly promoted and this event contributes to the regeneration of the burned tissue and its damaged structures. Therefore it is tempting to speculate that the better wound healing effect of EPO-is due to a greater ability to prime the cell cycle machinery.
Conclusions
It has been demonstrated that EPO represents particularly promising approach for the treatment of burn wounds [35] [36] [37] . EPO-and EPO-Z are biosimilars, and they should have overlapping therapeutic efficacy. In fact both compounds did not show significant differences in Hb levels, in erythrocytes number, and in expression of VEGF. EPO-and EPO-Z also accelerate wound closure and angiogenesis, but EPO-resulted more effectively in achieving complete skin regeneration. We hypothesize that the superiority in this specific therapeutic effect of EPO-with respect to EPO-Z might be related to a more robust activation of the cell cycle machinery. At this moment, we do not have a clear-cut explanation for this "dissimilarity. " It could be hypothesized that molecular differences in manufacturing processes used for the preparation of these two formulations or changes in structure, for example, in glycosylation of some residues, may lead to a different activation of cell cycle and may account for the different wound healing effect. In addition, these possible conformational changes might be responsible for a lower receptor affinity that determines an alteration of receptor bond and therefore of the correlated signalling of response.
However further experiments are needed to fully elucidate the molecular mechanisms underlying this difference between the two biosimilars.
All these data propose that the abnormalities of wound healing in burn injury might be a result of significant alterations in the cell cycle machinery of the repair tissue, and the administration of EPO might be suggested as a potential strategy to restore the impaired wound healing, stimulating both angiogenesis and cell cycle of the damaged burned tissue.
